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Introduction 9
The age of antibiotics is usually traced back to 1928 -the year that Alexander Fleming 10 discovered penicillin. The first clinical uses of penicillin occurred in the early 1940's (Dawson 11 et al., 1941; Parascandola, 1997; Grossman, 2008) , and penicillin resistance was first reported
12
Since Mahloch, models have been introduced to study the transfer of the antibiotic re- bacterial load contributed by each patient. We know of no models, of the sort we present 75 here, that focus on antibiotic resistant bacteria in a river with the possibility of bacteria 76 entering the river due to human activity along the shore line.
77
In this paper we present a novel model for cultivable bacteria in a river focusing on 78 the influx of bacteria due to human activities along the shore. We consider both antibiotic the land bacteria are not adapted to the river ecosystem and will not survive in the river.
84
In Section 2 we describe the model and the model implementation. Realistic parameters 85 are discussed and the model is simulated in Section 3. We conclude with our discussion in 86 Section 4.
87
Throughout our model description we use the phrase "antibiotic resistant" to mean re-89 sistance in the clinical sense to a particular unspecified antibiotic, such as, tetracycline, and 90 "non-antibiotic resistant" to mean not resistant to that particular antibiotic. In general, any 91 one bacterium could be non-resistant to all antibiotics, or resistant to any number of antibi-92 otics at once. Though we consider only clinical resistance to one particular antibiotic, this 93 model could easily be extended to consider bacteria with multiple resistance or to compare 94 clinical and weaker forms of resistance.
95
We use the independent variable time t in our model to represent time from the head of 96 the river. As time passes, we assume the bacteria are transported down the river in such 97 a way that all bacteria in the same cohort at time t stay together as they travel down the 98 river. Typical data collected from rivers (e.g. Dotson (2008); Smith (2006) ) mark the water 99 sample collection points using mile marks along the direction of the river, not time, which 100 leads one to believe that distance should be the independent variable. However, typically 101 mathematical models use time as the independent variable, as we do here. This should cause 102 the reader no concern, since by using river flow rates, distance from the head of the river 103 can be converted to time from the head of the river.
104
Only some bacteria are able to be cultivated and counted using current methods, and 105 so, throughout, we consider only cultivable bacteria in the river. In general, there are 106 many more bacteria in a river that cannot be cultivated and counted. The main model 107 assumptions are schematically represented in Figure 1 . Details of the model assumptions 108 and their mathematical implementation are presented below.
109
We consider two distinct classes of cultivable bacteria in the river: those that are "river" 110 bacteria, R, and those that are "land" bacteria, L. The river bacteria are naturally occurring 111 bacteria which are adapted to survive in the river. The land bacteria enter the river from the 112 shore and we assume they are not adaptable to the river. Mathematically, the land bacteria 113 have an additional death rate, which is large enough to offset any reproduction. Therefore, 114 the only increase in the land bacteria in the river comes in the form of immigration from the 115 shore. In the river, all bacteria are homogeneously mixed, so any bacterium can come into 116 contact with any other bacterium. We assume that neither type of bacteria can transform 117 into the other.
118
Both the river and land bacteria are further subdivided into those that have the antibiotic 119 resistant gene, called "resistant", R I , L I , and those that do not, called "susceptible", R S , L S .
120
We always have one particular gene in mine, for example, the gene to make a bacterium 121 resistant to tetracycline. In this model, we are most interested in assessing human activities 122 along the shore in relation to the antibiotic resistance in rivers, so we assume the land 
128
The transfer of the antibiotic resistant gene is similar to the transfer of a disease: one
129
'infected' (resistant) bacterium comes into contact with a 'susceptible' bacterium and with 130 some probability the result of the contact is two 'infected' (resistant) bacteria. In particular, 131 a resistant bacterium does not lose the antibiotic resistant gene when the gene is transferred.
132
An susceptible-infected (SI) disease model is used to represent the transfer of the antibiotic 133 resistant gene. Gonzalo et al. (1989) shows that antibiotic resistant bacteria survive less 134 in less polluted water. Therefore, we assume that the loss of the antibiotic resistant gene 135 depends on the pollution, P , in the river. The loss rate is B(P ), where the function has 136 the property that as P increases B decreases and as P decreases B increases. Many such 137 functions exists, and we use in this model
, so that pollution is measured
138
by the bacteria in the river from the shore.
139
Both the river bacteria and the land bacteria compete for space resources in the river 140 leading to a river carrying capacity. The carrying capacity for the river used in the model 141 is the carrying capacity for only the cultivable bacteria; in general, a river will have a larger
142
carrying capacity for all bacteria including those that are not cultivable. We assume that 143 the river has a constant carrying capacity for the length relevant to these interactions. A 144 logistic growth model is used to represent the populations' dependence on the river carrying 145 capacity. The river carrying capacity can allow an increase in the number of river bacteria,
146
but not in the number of land bacteria. We assume that the additional death rate of the 147 land bacteria is large enough to offset any population growth that occurs due to the river 148 carrying capacity.
149
Since we assume that neither river nor land bacteria can transform into the other, the 150 influence of the land bacteria (river bacteria) on the river bacteria (land bacteria) occurs in 151 two ways: through contact and transfer of the antibiotic resistant gene, and through total 152 population size in accordance with the river carrying capacity.
153
Land bacteria can enter the river at time t. The increase in land bacteria in the river 154 is split into those with the antibiotic resistant gene and those without, F I (t) and F S (t),
155
respectively. We assume that F I (t) ≥ 0 and F S (t) ≥ 0 for all t. Generally, these rates are 156 not constant and depend on time (location down river). Mathematically, these terms provide 157 an external forcing term for the model.
158
For simplicity, we assume that all rates which effect both river and land bacteria are system of differential equations.
The parameter interpretations are: α is the transfer rate of the antibiotic resistant gene; β 166 is the loss rate of the antibiotic resistant gene; r is the demographic rate due to the river 167 carrying capacity; F S (t) and F I (t) are the rates of bacteria entering the river from the shore;
168
and γ is the death rate due to the land bacteria not being adapted to survive in the river.
169
The parameter interpretations, along with their dimensions, are also presented in Table 1 .
170
(In Table 1 , AR is used as an abbreviation for antibiotic resistant). We assume that the land 171 bacteria death rate γ is large enough to offset any population growth that occurs due to the 172 river carrying capacity; specifically, when γ > r any reproduction, mathematically due to 173 the carrying capacity term, will be offset by the bacterial death due to not being adapted to 174 survive in the river.
175
It is easy to verify that the non-negative state space is invariant, that is, any initial 176 condition (a set of four population levels) that is non-negative results in population levels 177 that are non-negative for all time. and 198 L I (0) = 0.
199
To simulate the influx of land bacteria into the river, we assume that the bacteria enter 200 the river from the shore at four distinct times, evenly spaced over the length of the river.
201
At each of these influx times, the rate of influx of antibiotic resistant bacteria was chosen 
206
At all other integer points, the influx is set to zero. The functions F S (t) and F I (t) are linear 207 interpolations of these point sources.
208
Two different simulations are presented in Figures 2 and 3 . In both of these simulations,
209
the same bacteria influx functions are used, while two different time intervals are considered.
210
The first has total time 100 and the second has time 1,000. In the first case, there is too 211 much pollution and, if the simulation were to continue, all of the bacteria in the river will 212 eventually have the antibiotic resistance gene. Most of the bacteria will be river bacteria,
213
R I , though some will be land bacteria, L I . In the second case, the river has enough time 214 between the influx times for most antibiotic resistant bacteria to lose the antibiotic resistant 215 gene. Between each influx, the river recovers and most bacteria are non-antibiotic resistant 216 river bacteria, R S .
217
Using these parameters and influx functions, and both of the time scales, a local parame-218 ter sensitivity analysis was performed for the model. Each parameter was adjusted by ±20%
219
(the functions F S and F I were considered together as one parameter and were adjusted up 220 or down together) and the effect of this change was studied graphically. For all populations 221 and both time scales, the river carrying capacity rate, r, is the least influential parameter 222 of the model, having no effect on the population levels throughout the entire simulation(s).
223
Each of the other parameters, α, β, K, γ, and the functions F S and F I , was more influential 224 on the longer time scale 1000 than on the shorter time scale 100.
225
was overall the least influenced population, the population tends to 0 in every case, while 227 the number of non-antibiotic resistant land bacteria was the most influenced population. were very influenced by changes in all parameters, except r, while L I was only influenced by 231 changes in γ and the influx functions. Figure 5 shows the effect of the parameter sensitivity 232 analysis on the non-antibiotic resistant river bacteria, R S , on the longer time scale. 
262
In this paper, we offer a model which is only a preliminary formalism of the river and 263 antibiotic resistance situation, however, we believe that the main aspects of the situation have 2. Most rivers changes size, both width across and depth, throughout their length, which 276 leads to the conclusion that the carrying capacity should be a function of the length 277 of the river, time t in this model. For a given river, some measure of carrying capacity 278 must be found and measured along the length of the river, and used to create a river 279 carrying capacity function K(t) that depends on location along the river. 
288
We assert that this model could be generalized to any situation with non-native organisms Figure 4 : Parameter sensitivities -effect on non-antibiotic land bacteria, L S . Solid curve corresponds to the default parameter values; dashed curve corresponds to an increase in the parameter value by a factor of 20%, while keeping all other parameters at their default value; dotted curve corresponds to a decrease in the parameter value by a factor of 20%, while keeping all other parameters at their default value. : Parameter sensitivities -effect on non-antibiotic river bacteria, R S . Solid curve corresponds to the default parameter values; dashed curve corresponds to an increase in the parameter value by a factor of 20%, while keeping all other parameters at their default value; dotted curve corresponds to a decrease in the parameter value by a factor of 20%, while keeping all other parameters at their default value.
